The interest in TiO 2 nanotubes has resulted in a lot of studies including the effects of various parameters on the properties and performance for different applications. This study investigated the effect of anodization at a low temperature on the properties and photoelectrochemical performance. The effects of varied anodization settings on morphology, crystallinity, and PEC response were studied. Low-temperature anodization resulted in smaller pore diameter and shorter tube length. Annealing temperature affected the presence of varied phases of TiO 2 such as the prominence of anatase and amounts of rutile and amorphous TiO 2 at 125°C. To observe photoelectrochemical response, annealing at 450°C is necessary. However, a cathodic response was observed for TiO 2 nanotubes synthesized with low voltage at low temperature. Hence, amorphous titania nanotubes annealed at 125°C with thickness achieved in the anodization can be a potential material used for photocatalytic applications due to its determined cathodic photoelectrochemical response.
Introduction
Titanium dioxide (TiO 2 ) has been used in various applications such as biomedical devices, solar cells, and photodegradation [1] [2] [3] [4] . TiO 2 nanotubes (NTs), in particular, are utilized due to their tube-like configuration that exhibits high surface area, relatively short conduction path [3, 5] , and biocompatibility [4, 6] .
TiO 2 has three main phases, namely, anatase, rutile, and brookite. As-synthesized titania via anodization occurs as amorphous [1] and transforms to various phases during additional heat treatments done after synthesis. Anatase transforms irreversibly to rutile at a process temperature that ranges from 400°C to 1200°C, depending on the raw material and processing methods applied [1, 7] . Anatase shows photoelectrochemical property and is used for photoelectrolysis applications such as water splitting and catalytic photodegradation through the presence of various active surfaces and defects [8, 9] . Hydrophilicity of TiO 2 is thought to aid with the kinetics of both reactions, and amorphous titania has shown a comparable hydrophilic response after surface treatment to anatase [7] .
In this study, we have selected a method that will allow us to compare the crystalline and amorphous structures of TiO 2 NTs produced by anodization of titanium. Various methods have been developed to synthesize TiO 2 NTs; one of these methods is anodic oxidation (anodization). Anodization is a low-cost electrochemical process that produces ordered or highly aligned oxide nanotubes or pore structures on a substrate by immersion in an acid electrolyte solution at room temperature and subsequent application of electric current. An additional step of annealing or heat treatment on the synthesized nanotubes is done in order to remove impurities and to change the crystal structure of the TiO 2 . Annealing TiO 2 at 400°C leads to the transformation of the crystal structure to anatase TiO 2 , while heat treatment at 800°C produces a rutile crystal structure of TiO 2 [7] .
The exposure of TiO 2 nanotubes to ultraviolet radiation produces highly oxidative holes and weakly reductive electrons [10] . Recent studies have measured the photoelectrochemical activity of anatase TiO 2 [3] . However, only a few studies have been conducted to determine the possible use of an amorphous TiO 2 as a source of these charges and as the medium for charge transport.
This study determines the photoelectrochemical activity of low-temperature synthesized TiO 2 nanotubes based on the photoresponse under dark and illuminated conditions. At present, annealing at high temperatures is necessary to achieve an anatase structure with a high degree of ordering. However, anodization at low temperature is known to suppress the mobility of ions resulting in enhanced self-order at the expense of increasing thickness and pore diameter. Moreover, synthesis at such condition can exhibit photoresponse as reported in this paper.
Experimental
The method for anodization of titanium has been published in several papers [1] . The detailed method is as follows: the electrolyte consisted of 200 mL of ethylene glycol with 2% vol. H 2 O and 0.09 M of NH 4 F. High-purity (99.99%) titanium foil was polished with a 1200-grit size SiC paper and was used as substrate. The substrate was subjected to ultrasonic cleaning with distilled H 2 O and then air-dried. There were two types of anodization set-up used for this experiment: one was done at room temperature, 27°C, while the other one was at a lower temperature of approximately 5°C and with the temperature maintained by using an ice bath. The electrodes had a constant spacing of 1 cm. Changes in current over time during the anodization were monitored during potentiostatic anodization. A preliminary potentiostatic anodization set-up was connected to a potentiostat instead of a DC power supply for testing the chronoamperometric plot of the anodization process at 10 volts. Data were collected at 10 V and 5 V from this test. Ti foils were imaged using a field emission scanning electron microscope (FESEM) with energy-dispersive X-ray (EDX) for chemical identification and quantification. The structure of the anodized TiO 2 was characterized using Xray diffraction (XRD) with Cu Kα radiation (λ = 0 154 nm), at the scanning range 2θ = 20°− 60°. The phases were identified by comparing the peak data to reference single crystal data of R070582 (anatase), R050363 (brookite), R040049 (rutile), and 0011195 (titanium).
Three-electrode electrochemical cell was utilized with TiO 2 /Ti as the working electrode, Pt as the counter electrode, and Ag/AgCl as the reference electrode. The spacing between the working and counter electrodes was maintained at 1 cm. The set-up used 1.0 M aqueous solution of Na 2 SO 4 as the electrolyte and was connected to a potentiostat. Chronoamperometry was done by running the set-up in different voltages (-0.5 V, 0 V, and 0.5 V) with discontinuous illumination from the 10 W LED light source. The illumination was turned on and off at the interval of approximately 1 to 5 minutes to allow the electrolyteelectrode interface to equilibrate. Data were averaged after plotting as part of data analysis.
Results and Discussion
The formation of nanotubes was monitored by measuring the current during anodization as a function of time. The measurements were carried out at two different voltage settings, 5 V and 10 V, with current-time curves obtained during the anodization shown in Figure S1 . A drastic drop in the current was observed in the early stages of anodization for both voltage settings, corresponding to the initial passivation of Ti foil leading to the formation of the barrier oxide layer. The formation of the barrier layer was governed by the oxidation of Ti to Ti 4+ and its reaction to O 2-that was produced by the deprotonation of H 2 O upon the introduction of an electric field; the progress of the reaction caused an exponential decrease in the field strength on the Ti foil, leading to a barrier layer of finite thickness. After the initial current drop, a slight increase in current was observed at 10 V anodization. This indicated the initiation of pits that served as the precursor of the nanotubes [11] . This stage was not observed on 5 V anodization where gradual reduction followed the initial drop in current. It can be said that the pitting potential needed for nanotube formation lies between 10 V and 5 V. Under similar electrolyte characteristics, nanotubes are expected to form at operating voltages of 30 V, 40 V, and 50 V. The last stage of anodization was characterized by a gradual decrease in current until the quasi-steady state is reached. This indicated the continued formation of the nanotubes through the increase in nanotube length. At this stage, the nanotubes competed with each other until a condition of equal sharing of available current is achieved, leading to appreciable self-ordering of nanotubes as seen in the SEM images of the nanotubes in Figures 1(a)-1(d). Formation of TiO 2 nanotubes was a result of the competition between the oxidation of the Ti substrate and the etching or dissolution of the formed oxides by the fluoride ions present in the electrolyte [2] . As-synthesized TiO 2 nanotubes did not show ordered crystal structures as shown in Figure 1 (e). These amorphous tubes undergo phase transformation at elevated temperatures, crystallizing to form titania polymorphs like anatase and rutile as shown in various studies [1] . In the study by Poulomi et al., XRD patterns showed that anatase started to form at around 280°C but annealing operations are usually done at 450°C to ensure an adequate amount of anatase with few rutile phases [1] . Moreover, further increase in temperature promoted the transformation to rutile phase and started to dominate at a temperature range of 500°C-600°C [1] . Figure 1(e) shows the X-ray diffraction pattern of the samples annealed at 125°C and 450°C. The anatase peaks are visible for the 450°C annealed sample but not in the 125°C annealed sample. A shift into the lower intensity of the broad baseline at 2Θ from 20°to 35°indicated conversion of the phase from amorphous to crystalline. Annealing at 450°C resulted in a structure dominated with anatase phase and with minimal rutile phase. The anatase phase has a strong preferential orientation at the (101) plane. The crystallinity in each voltage setting was determined by the full-width half-maximum values for the (101) plane where full-width half-maximum (FWHM) trends, given in Table 1 , showed increasing crystallinity with anodization voltage. Figure S4 . It can be seen that no crystalline titania phases were present at nanotubes that were post-heat-treated at 125°C. The TiO 2 NTs synthesized via the anodization process were reported to be amorphous in nature [1] . From XRD, the anatase phase was only present at samples post-heat-treated at 450°C. In addition, rutile phases were also present at samples post-heat-treated at 450°C similar to other reports showing TiO 2 NTs heattreated at 350°C to 450°C consisting of a rutile bottom layer and anatase tube walls [12] .
Scherrer's formula shows the inverse proportionality of the peak width and crystallite size [13] [14] [15] . This was applied to the FWHM of the (101) anatase plane peak to calculate the crystallite size for the synthesized titania nanotubes that were post-heat-treated at 450°C. There have been differences in opinion in literature in the use of the Scherrer equation to determine the absolute crystallite size of nanoparticles [13, 16] ; however, the trends of nanocrystal size and the peak width have shown good agreement in many instances [13] . Through this analysis, the increasing crystallinity of the nanotubes with annealing was supported by the decrease in peak width.
Stoichiometry was also varied after the 125°C and 450°C annealing. Figure 2 shows the EDX of a tube, with a line scan along the diameter, plotting the oxygen and titanium signals. The percentage of O and Ti in the tube was taken and showed approximately 3 : 2 Ti : O ratio for the amorphous TiO 2 and 3 : 1 for anatase TiO 2 . This was an averaged measurement and did not reflect the actual stoichiometry of the nanotube walls as the Ti signal from the tube holes was stronger (signals originating from the substrate). However, relative amounts of Ti and O showed that prior to annealing, nanotubes were more oxygen-rich (Table 2) .
Aside from semiquantitative chemical compositions, the EDX signal was also analyzed for the element environment [17] . The basis of this analysis is that in amorphous materials, the neighboring atoms are not arranged in a lattice and could have different nearest neighbor environments compared to other atoms within the same phase. In crystalline, anatase gives a different type of titanium environment [18] . From literature, the environment of an atom can be distinguished [19] . These vacancies then form defect channels for carrier transport contributing to amorphous conduction.
Nanotube dimensions are a few of the factors that affect the photoelectrochemical activity of nanotubes; hence, it is crucial to measure them. Images of TiO 2 nanotubes synthesized at room temperature and low-temperature anodization annealed at 450°C are shown in Figure S2 . Based on the micrographs, dimensions such as pore diameter and wall thickness were determined. Measured pore diameters were averaged and plotted against anodizing potential (voltage) as shown in Figure S3 . At room temperature anodization, pore diameters ranged from 88 to 120 nm, while at lowtemperature anodization, relatively smaller pore diameters ranging from 62 to 120 nm were measured. Generally, a linearly increasing trend in pore diameters with increasing applied potential was observed for both room temperature and low-temperature anodization; similar trends were seen in other studies [20] . Varying the electrolyte temperature changed the conditions of the anodization reaction in terms of chemistry and thermodynamics. An increase in the electrolyte temperature leads to a decrease in the mass transport of the electrolyte and the species necessary for anodization [21] .
Average TiO 2 nanotube wall thicknesses were also determined and plotted against the applied potential; comparison of all dimensions is shown in Figure S3 . From Figure S3 , it can be observed that a higher applied potential yields longer nanotubes. It has been shown that increasing the electric field strength resulted in a localized temperature rise across the oxide films due to the enhanced joule heating, resulting in the acceleration of nucleation of the oxides, faster growth, and consequent increase in thickness of the anodized films [6] .
The photoelectrochemical activity of the nanotubes was analyzed by chronoamperometric measurements under discontinuous illumination. The three-electrode cell was allowed to stabilize prior to being operated for alternating on-off cycles at -0.5, 0, and 0.5 V versus Ag/AgCl. The current values obtained were divided by the active surface area during testing. The responses in terms of an increase or decrease in current density upon illumination were monitored for all samples. Good photoresponses were recorded for samples that were annealed at 450°C for both room temperature and low-temperature anodization. Generally, annealed samples show cathodic photoresponses upon illumination at applied bias -0.5 V (Figures S5-S7 ). When For samples heat-treated at 125°C, photoresponses were not apparent and no clear distinction on the on and off regions of the graphs was observed. Details of the generated plots from 450°C and 125°C heat treatment temperature are shown in Figures S5 and S6 . In a study by Beranek et al. on as-formed amorphous tubes, photocurrent generation is highly localized at the bottom of the tubes and is negligible for nanotube walls [22] . This is due to the presence of numerous defects in amorphous nanotubes that lead to poor charge transport [22] . Annealing at elevated temperature activated the walls of the nanotube as anatase structures crystallize, with anatase having the most efficient electron transport among the phases of TiO 2 [23] .
One clear exception to these observations was the observed photocurrent of the 30 V, room temperature anodized nanotubes that were annealed at 125°C. The photoresponse of the nanotubes when the applied bias was -0.5 V is shown in Figure 4 . Cathodic responses were recorded when the light was introduced. However, this observation was not seen in TiO 2 NTs. Although amorphous, a short-range order may be present in the sample and could result in shallow or deep electron and hole traps. This short-range order was not seen in X-ray diffraction patterns. Because of the direction of the measured photocurrent and considering that the illumination is composed of visible wavelengths, the defects were speculated as shallow electron traps. Cathodic behavior has been seen in some amorphous oxide of metals like ironzirconium [24] . This occurrence is explained through the Poole-Frenkel process where the conduction was enabled by thermal ionization of trapped charges [25, 26] ; in the case of the photocurrent observed in this sample, trapped charges with trap levels with higher binding energies are excited to the conduction band by light.
At constant anodization temperature, a decreasing trend in the current density was observed as the anodization voltage is increased from 30 V to 50 V ( Figure S7 ). The observed trend was attributed to the measured crystallite sizes. Smaller grain size indicated abundance in grain boundaries within the nanotubes. It was theorized that these grain boundaries impede the charge transport in the nanotubes. Thus, lower values were expected to be obtained for the 50 V anodized nanotube sample as this had the smallest crystallite size among the three anodization voltage settings.
Higher magnitudes for the current density were recorded for samples anodized at room temperature ( Figure S7 ). This can be observed for annealed samples at all the anodization voltage settings. This was attributed to better nanotube dimensions for samples anodized at room temperature. It is important to note that while smaller pore diameters were obtained for low temperature which suggests that more nanotubes can fit on a specific unit area, the lengths of the nanotubes were shorter relative to that of room temperature anodized nanotubes.
Current oscillations were seen in 30 V room temperature anodized samples that were annealed at 450°C ( Figure 5 ). From several papers that have explored the origin of this sinusoidal current, reasons for this were chemical oscillationslocalized areas of reactions within the entire surface of the electrode [27] , nonlinear transport [28] , and nonplanarity of the electrode surface as in this case. In the case of the threeelectrode system with TiO 2 WE, Pt CE, and Ag/AgCl RE, oscillations occurred in the order of 1 μA.
The photocurrent was recorded to be higher in room temperature anodized sample compared to low-temperature anodized sample for the sample anodization voltage; taking into consideration the difference in the nanotube length and getting photocurrent density considering the nanotube thickness (photocurrent/volume), similar photocurrents were observed. This could indicate that in photoelectrochemical measurements, the total surface area of the nanotubes determines the generated photocurrent, even at the order of around 10 μm thickness.
Conclusions
Cathodic and anodic photocurrents were seen (with -0.5 V and 0.5 V vs. Ag/AgCl, respectively) during chronoamperometric testing under discontinuous illumination. A -0.5 V bias promoted electron transport while 0.5 V bias promoted hole transport. Annealing at 450°C is necessary for effective photoresponse; however, cathodic photoresponse was seen 6 International Journal of Photoenergy on nanotubes anodized at 30 V with an applied voltage of -0.5 V. This deviation was attributed to a short-range order and the occurrence of high oxygen surfaces that could form oxygen vacancies that are pathways of charge transport. The magnitude of current density decreased as the anodization voltage was increased due to the decreasing crystallinity when anodized with increasing voltage. The higher density of grain boundaries on nanotubes anodized at higher voltage may have hindered effective charge transport leading to a low-magnitude photoresponse. The photocurrent was observed in all annealed anatase samples. TiO 2 in the anatase phase has been known to be an efficient photoanode; through this experiment, it was seen that TiO 2 amorphous showed potential to be a photocathode in photoelectrochemical cells.
Data Availability
The data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
The authors declare that they have no conflicts of interest.
